C ompared with older corn hybrids, modern hybrids require greater plant densities (Tokatlidis and Koutroubas, 2004; Hammer et al., 2009; Tokatlidis et al., 2011) and N fertilizer (O'Neill et al., 2004) to optimize yield. Accordingly, optimum fi nal plant densities, based on university studies in the 2000s, are now greater than in the 1990s in the northern states of Wisconsin (83,300 plants m -2 , Stanger and Lauer, 2006) , Iowa (∼90,000 plants m -2 , Coulter et al., 2010) and Minnesota (∼80,000 plants m -2 , Van Roekel and Coulter, 2011) . Recommended fi nal plant densities of 70,000 plants m -2 in New York, based on studies conducted in the early 1990s with seven hybrid releases from the late 1980s or early 1990s (Cox, 1997) , have not been adjusted upward because studies conducted during the 2000s showed similar results (Cox and Atkins, 2011 ). An optimum plant density exists for a specifi c genotype within an environment (Tokatlidis and Koutroubas, 2004; Ciampitti and Vyn, 2011) , and environments with greater yield potential require greater plant densities to optimize yield (Paszkiewicz and Butzen, 2007) . Th e average yield in New York is consistently lower than average yields in Wisconsin, Minnesota, and Iowa (National Agricultural Statistical Service, 2012) , so the lack of response in New York to seeding rates above 75,000 kernels ha -1 and fi nal plant densities of 70,000 plants m -2 on silt loam soils may be related to the yield potential of the environment. On the other hand, seeding rate studies in the 2000s in New York (Cox and Atkins, 2011) were conducted at recommended N rates, which may have limited the response to seeding rates.
High plant densities (>80,000 plants m -2 ) and N rates (>140 kg N ha -1 ) increase the leaf area index (LAI) of corn during vegetative development and at silking (Cox et al., 1993; Cox and Cherney, 2001) , which allows greater radiation interception during the late vegetative period (Westgate et al., 1997) and greater plant growth rates (PGRs) during the critical PGR period of ∼2 wk before to ∼2 wk aft er silking (Tollenaar, 1991) . Greater PGR around the silking period results in greater kernel set and grain yield per plant (Andrade et al., 1999; Maddonni and Otegui, 2004; Echarte et al., 2004) . Genotypes, however, diff er in their threshold PGR around the silking period for kernel set (Echarte et al., 2004; Borrás et al., 2007; Severini et al., 2011) . Also, most genotypes show a curvilinear response of kernel number per plant to PGR around the silking period (Andrade et al., 2002; , but some genotypes have more linear responses (Gambin and Otegui, 2008; D'Andrea et al., 2008; Severini et al., 2011) . Greater PGR around the silking period also results in greater biomass accumulation at the R1 (silking) stage (Ritchie et al., 1993) , the milk stage of grain fi ll (R3), and physiological (R6) maturity (Cox and Cherney, 2011; Ciampitti and Vyn, 2011) , which can promote higher grain yield (Ciampitti and Vyn, 2011) .
Too high a plant density, however, results in an excessive LAI, which can reduce grain yield in environments where water is a limiting factor . In addition, too high a plant density in favorable environments can increase crowding stress and greatly reduce the PGR around the critical silking period, resulting in kernel abortion or barren plants (Tollenaar et al., 1992 , Andrade et al., 1999 , which greatly reduces kernel number and grain yield per plant (Borrás et al., 2007; Boomsma et al., 2009; Ciampitti and Vyn, 2011) . Consequently, the available resources (soil water, light, and nutrients) of the environment determine the optimum plant density for corn, which in turn allows an optimum PGR around the silking period to maximize grain yield (Boomsma et al., 2009; Ciampitti and Vyn, 2011) .
Plant growth rates around the silking period also infl uence kernel weight (Borrás and Gambin, 2010) . During the critical silking period, the ratio of PGR to kernel number per plant indicates the amount of assimilate available during the lag period of kernel fi ll, which occurs during the fi rst 2 to 3 wk aft er silking (Bewley and Black, 1985) , and thus defi nes the potential kernel weight (Borrás et al., 2004; Gambin et al., 2006; Borrás and Gambin, 2010) . Hybrids diff er in their relationship of kernel number per plant to PGR around the silking period so hybrids that show curvilinear relationships increase kernel weight, whereas hybrids that show linear relationships do not (Gambin et al., 2006; Borrás and Gambin, 2010) . Although kernel number per plant decreases as plant density increases, the PGR around the silking period usually decreases more, resulting in a reduction in kernel weight as plant density increases (Cox, 1996; Boomsma et al., 2009; Borrás and Gambin, 2010; Ciampitti and Vyn, 2011; Van Roekel and Coulter 2011) . Increased N rates, however, may increase kernel weight by increasing the length of the eff ective kernel-fi lling period (Melchiori and Caviglia, 2008; Mayer et al., 2012) . Consequently, increased N rates may off set the reduction in kernel weight at high plant densities, resulting in greater yields at high plant densities. Cox and Cherney (2011) recently evaluated eight corn silage hybrids released in 2007 or 2008 at seeding rates from 61,750 to 98,800 kernels ha -1 in New York. Quadratic regression equations predicted maximum silage yields at seeding rates of 98,000 kernels ha -1 , similar to seeding rates for maximum yield on hybrids released in the mid-1990s (Cox et al., 1998) . Th e recent corn silage seeding rate study (Cox and Cherney, 2011) , however, tested the eight hybrids at recommended N rates, which may have lessened the seeding rate response. Th e fi rst objective of this study was to determine if two recent hybrid releases (2010) require greater seeding rates than the recommended 74,100 seeds ha -1 to optimize yield at the recommended (111 kg N ha -1 ) or an increased sidedress N rate (167 kg ha -1 ) for grain corn following soybean [Glycine max (L.) Merr.] Th e second objective was to measure corn growth around the silking period and yield components to determine what factors limit or promote yield responses to the greater seeding rates at recommended or elevated sidedress N rates. We limited the range of seeding rates (61,750-98,800 kernels ha -1 ) and sidedress N rates (111 or 167 kg N ha -1 ) to rates used by growers to simulate realistic grower management inputs.
MATERIALS AND METHODS
Field experiments were conducted in 2010 and 2011 on a Honeoye silt loam soil (a fi ne-loamy, mixed, semiactive, mesic Glossic Hapludalf) with a pH of 7.8 at a Cornell University research farm near Aurora, NY (42°44′ N, 76°40′ W). Th e experimental site has been in a corn-soybean rotation since 1990. Soil tests (Mehlich test) in the spring of both years indicated high concentrations of P and K.
Th e experimental site was moldboard plowed the day before planting and harrow cultipacked the day of planting in both years. Th e experiment was in a split-split-plot arrangement, replicated four times, with two Bt (Bacillus thuringiensis) corn hybrids as main plots, two sidedress N rates as subplots, and four seeding rates as sub-subplots. We planted 101-d (Minnesota relative maturity rating) hybrids, Pioneer P0125XR (Cry1F+Cry34/35Ab1 Bt events) and DeKalb DKC51-86 (Cry1Ab+Cry3Bb1 Bt events), with a four-row (3.1-m-wide) corn planter (Model 7200, John Deere) at seeding rates of 61,750, 74,100, 86,450, and 98 ,800 kernels ha -1 on 30 Apr. 2010 and 10 May 2011. Approximately 275 kg ha -1 of starter fertilizer, 10-20-20 (N-P-K), was applied at planting. Two passes equaling eight rows (6.2 m) of each hybrid (main plot) were planted in 40-m strips in a north-south direction with four seeding rate changes (sub-subplots) at premarked areas every 10 m. Four rows of each hybrid were injected (0.1 m deep between the center of each row) with either 111 or 167 kg N ha -1 as a 32% (w/v) solution of urea [(NH 2 ) 2 CO] and NH 4 NO 3 at the fourth-leaf (V4) stage. Consequently, subplots (two N rates) measured 40 by 3.1 m in a north-south direction. A designated 1-m border area was maintained on the north and south ends where each seeding rate change took place, so sub-subplots (seeding rates) measured 9 by 3.1 m. Preemergence herbicides were used for weed control, with some spot hand weeding in both years of the study.
Final plant densities of each sub-subplot were determined at the V4 stage (the day aft er sidedressing) by counting all the plants along the inner 9-m length of the two center (harvest) rows. Five corn plants were harvested at the soil line from the two center rows (three consecutive plants from one center row and two consecutive plants from the other center row) on the south end of each plot (excluding the two end border plants in each row) at the V16 stage (6 July 2010 and 12 July 2011), ?585 growing degree days (GDD, 30-10°C system, Cross and Zuber, 1972) aft er planting and ∼105 GDD before the R1stage. At the kernel blister (R2) stage (26 July 2010 and 2 Aug. 2011, ∼155 GDD aft er R1), fi ve corn plants were harvested from the north end of each plot, following procedures similar to those used at the V16 stage. All plots were trimmed off at both ends aft er sampling to ensure uniform 6-m plot lengths at harvest. Green leaves were counted and run through a leaf area meter (LI-COR LI-3100) to estimate leaf area per plant and LAI at both growth stages. Green (and senesced) leaves and stalks were placed in a forced-air drier and dried at 60°C to constant moisture. Biomass and leaf area per plant were calculated from the weight and leaf area of the fi ve-plant sample. Biomass accumulation on an area basis and LAI were also calculated by adjusting the total weight and leaf area of the fi ve-plant sample to fi nal plant densities in each subplot. Plant growth rate from the V16 to the R2 stage was calculated as the gain in biomass per plant per unit time.
Th e inner 6 m of the two center rows of each sub-subplot was harvested for grain with a two-row Almaco plot combine when grain moisture was around 200 g kg -1 (17 Oct. 2010 and 19 Oct. 2011) . From each sub-subplot, two harvested grain samples were used to estimate grain moisture. Grain moisture diff erences were signifi cant for hybrids and seeding rates but were of insuffi cient magnitude to be of practical signifi cance and are not reported. Yields were adjusted to 155 g kg -1 moisture. Immediately before harvest, the number of lodged plants below the ear was counted along the entire length of the two harvest rows, but values were usually zero and never more than fi ve plants per sub-subplot so lodging is not reported. Immediately aft er harvest, 10 consecutive plants from a border row from each sub-subplot (sampled border rows were at similar seeding rates within the hybrid main plot) were hand harvested and dried at 60°C to constant moisture. Th e ears were then hand shelled and the kernels were counted with a seed counter (Old Mill Co.) and total numbers of kernels were divided by 10 to estimate the kernel number per plant. Th e total number of kernels was then weighed and divided by the total kernel number to estimate the kernel weight. We also calculated the quotient of the PGR from the V16 to the R2 stage and kernel number per plant to estimate the potential kernel weight (Borrás and Gambin, 2010) .
Bartlett's test (P = 0.01) indicated that many variances, including yield, were not homogeneous across years, so we declared years as a fi xed eff ect. We then conducted a mixed model ANOVA, with years, hybrids, N rates, and seeding rates as fi xed eff ects and replicates as a random eff ect, using PROC MIXED (SAS Institute, 2003) . Th e Shapiro-Wilk statistic indicated normality for all data within each individual year.
Orthogonal contrasts were used to test the responses of the four seeding rates within the ANOVA by partitioning the sums of squares into linear and quadratic components Th e contrast coeffi cients for seeding rate were -3 -1 + 1 + 3 for the linear and +1 -1 -1 + 1 for the quadratic contrasts. Pairwise t-comparisons were used to determine diff erences between hybrids and N rates because there were only two comparisons within these fi xed eff ects (P = 0.05). Th e REG procedure was used to develop linear or quadratic regression equations (P = 0.05 for regression coeffi cients) of all measured variables, with seeding rates as the independent variable across years when there was no year × seeding rate interaction in the ANOVA test. If seeding rate × year interactions was signifi cant, the PROC REG procedure was used to develop linear or quadratic regression equations (P = 0.05 for regression coeffi cients) of those variables with seeding rates within years. Th e PROC REG procedure was also used to determine if linear or quadratic relationships existed between measured variables and yield (independent variable) across and within years. Also, the PROC STEPWISE REG procedure was used to build a statistical model to predict yields using the measured variables across years and within years.
RESULTS AND DISCUSSION
Both growing seasons accumulated a similar number of GDD from June through August, with above-average GDD in July of both years (Table 1) . Th e 2010 growing season received 389 mm of precipitation from June through August, 109 mm above normal. In contrast, the 2011 growing season received only 198 mm of precipitation during the same period, including only 21 mm of precipitation in July. Both hybrids attained the R1 stage around 13 July in 2010 and 19 July in 2011. Visible leaf wilting was observed from about 17 July to 3 Aug. 2011 for both hybrids, especially the Pioneer hybrid, because of the very dry and warm conditions. Both hybrids attained the R6 stage around mid-September in both years. Record corn yields were recorded in New York in 2010 and at the experimental site (18.3 Mg ha -1 ) because of favorable temperature and soil moisture conditions (Cox and Atkins, 2011) . Despite dry conditions in 2011, corn yields averaged 11.2 Mg ha -1 .
Th e diff erent moisture conditions between growing seasons contributed to numerous year eff ects, year × hybrid, or year × seeding rate interactions (Table 2) . Surprisingly, there was only one year × N interaction, and no other two-way or three-way interactions. Because of the absence of three-way interactions and only one N main eff ect and its interaction with year (kernel weight), only main eff ects of hybrid and seeding rate and, if signifi cant, their interactions with years are presented in Tables 3 and 4 . Th e year × N interaction for kernel weight is discussed below.
Year × hybrid and year × seeding rate interactions were observed for plant densities at the V4 stage (Table 2 ). Both hybrids averaged ∼90% plant establishment in 2011 but DKC51-86 averaged 87% establishment (6.96 plants m -2 ) compared with 78% for P0125XR (6.29 plants m -2 ) in 2010. It is not clear why hybrids established diff erently in 2010. Plant establishment averaged 87 to 91% across seeding rates in 2011 but 75% (61,800 kernels ha -1 seeding rate) to 85% (74,100 and 86,500 kernels ha -1 seeding rates) in 2010. We did not adjust to specifi c fi nal plant densities in this study because we wanted to evaluate the response of each hybrid individually to seeding rate as well as to simulate actual grower conditions as closely as possible.
Green leaf number and leaf area per plant at the V16 stage had year, hybrid, and seeding rate eff ects with a year × hybrid interaction for leaf area per plant (Table 2) . When averaged across years, P0125XR had 11.1 compared with 10.7 green leaves for DKC51-86 (Table 3) .Th e Pioneer compared with the DeKalb hybrid also had 4844 compared with 4299 cm 2 leaf area per plant in 2010 when plant establishment was lower for the Pioneer hybrid, but similar leaf area per plant in 2011 when plant establishment was similar (Table 3 ). As seeding rates increased, green leaf number (11.1-10.8) and leaf area per plant (5317-4925 cm 2 plant -1 ) showed linear decreases. Corn compensates somewhat at lower plant densities by increasing leaf number and leaf area per plant (Boomsma et al., 2009; Ciampitti and Vyn, 2011) , which explains in part the greater green leaf number and leaf area per plant for the Pioneer hybrid and linear decreases in green leaf number and leaf area per plant as seeding rates increased.
Th e LAI at the V16 stage showed year and seeding rate eff ects but there was neither a hybrid eff ect nor interactions (Table 2) . Corn has only a limited capacity to increase leaf area per plant at lower seeding rates (Boomsma et al., 2009; Ciampitti and Vyn, 2011) , so LAI at the V16 stage showed linear responses to higher plant densities at the higher seeding rates (Table 3) . Maximum radiation interception in corn occurs when the LAI is ?3.5 (Westgate et al., 1997), which indicates that both hybrids at the three higher seeding rates (LAI of 3.41-4.17 m 2 m -2 ) intercepted close to maximum radiation at the V16 stage (early to mid-July) but not at the lowest seeding rate (LAI of 2.71). Cox (1996) reported an average LAI of 3.75 for four hybrids (104-108 d) at the R1 stage at plant densities of 6.75 plants m -2 in an early 1990s study at this experimental site. Th is indicates that fi nal plant densities of about 6.75 plants m -2 , slightly less than the recommended 7.0 plants m -2 , consistently allows maximum radiation interception during the late vegetative and silking period in this environment. Maximum May  56  91  80  230  186  163   June  133  71  104  289  282  281   July  108  21  84  386  390  365   August  148  106  92  348  324  338   September  65  149  107  212  239  245  Total  510  438  467  1465  1421  1392 radiation interception in late vegetative development is critical for maximum yields in northern latitudes because of the shorter growing season (Westgate et al., 1997) . Biomass accumulation at the V16 stage had year, hybrid, and seeding rate eff ects with no interactions (Table 2) . When averaged across years, biomass accumulation (but not biomass per plant) diff ered between the DeKalb hybrid (1006 g m -2 ) and the Pioneer hybrid (896 g m -2 ) at the V16 stage, mostly because of greater average plant density for the DeKalb hybrid (Table  3 ). As seeding rates increased, biomass accumulation showed a linear increase (∼850 to ∼1100 g m -2 ) at the V16 stage. Th e compensation ability of the individual corn plant for biomass accumulation at low plant densities is greater than for leaf area but still does not off set the greater plant densities (Boomsma et al., 2009) . Consequently, biomass accumulation during late vegetative development increased linearly at higher seeding rates, consistent with other studies (Cox, 1996; Boomsma et al., 2009; Ciampitti and Vyn, 2011; Cox and Cherney, 2011) .
At the R2 stage, green leaf number had a year × hybrid interaction and leaf area per plant had a hybrid eff ect. In contrast, LAI and biomass accumulation had neither hybrid eff ects nor year × hybrid interactions (Tables 2 and 3 ). Hybrids did not diff er in green leaf number at the R2 stage in 2010 but the Pioneer compared with the DeKalb hybrid had more green leaves in 2011 (12.1 vs.11.2). Plant establishment did not diff er between hybrids in 2011, so it is surprising that the Pioneer hybrid, which showed much more visible leaf wilting, had more green leaves and presumably less leaf senescence than the DeKalb hybrid. When averaged across years, the Pioneer hybrid continued to have greater leaf area per plant at the R2 stage (5464 vs. 5109 cm 2 ), probably because of a lower plant density in 2010 and more green leaves in 2011. Th e 7% greater average leaf area per plant for the Pioneer hybrid off set the 6.25% greater average plant density for the DeKalb hybrid, resulting in a similar LAI at the R2 stage between hybrids (3.65 vs. 3.67). When averaged across years, hybrids no longer aff ected biomass accumulation at the R2 stage (1229-1271 g m -2 ), despite the greater plant density for the DeKalb hybrid. Ciampitti and Vyn (2011) also reported a 4% diff erence in biomass accumulation between hybrids at the V14 stage but no diff erence at the R3 stage.
Leaf area per plant continued to show negative linear responses, whereas LAI and biomass accumulation showed positive linear responses to seeding rates at the R2 stage, with no year × seeding rate interactions (Tables 2 and 3 ). When averaged across years, the low seeding rate had an LAI of 2.75 m 2 m -2 and the three higher seeding rates had LAI values from 3.57 to 4.27 m 2 m -2 . Th is indicates that neither hybrid intercepted full solar radiation at a seeding rate of 61,800 plants ha -1 under the environmental conditions of this study, which typically results in less than optimum yield when precipitation is not limiting (Cox, 1996; Westgate et al., 1997; Boomsma et al., 2009; Van Roekel and Coulter, 2011) . In dry years, such as in 2011, the low plant density and resultant low LAI may be benefi cial because a low LAI reduces the water requirement of corn . When averaged across years, biomass accumulation at the R2 stage continued to show a linear response to seeding rates, with values ranging from ?1100 to ?1400 g m -2 (Table 3) , which is similar to results at the R3 stage from an early 1990s study at the same experimental site (Cox, 1996) and a recent study in Indiana (Ciampitti and Vyn, 2011) . Year × hybrid and year × seeding rate interactions were observed for PGR from the V16 to R2 stage (Tables 2 and 4) . Th e Pioneer hybrid had 25% greater PGR than the DeKalb hybrid in 2010, probably because its lower plant density allowed individual plant compensation and greater PGR (Andrade et al., 1999; Borrás et al., 2007; Boomsma et al., 2009; Ciampitti and Vyn, 2011) . In 2011, however, when plant establishment was similar between hybrids, the Pioneer hybrid had 37% greater PGR from the V16 to R2 stage compared with the DeKalb hybrid, although PGR values were much lower because of the dry conditions. Th e Pioneer hybrid showed much more visible leaf wilting in 2011, so again it was surprising that it had greater PGR during the critical period bracketing the R1 stage. Although the PGR of the DeKalb hybrid (1.03 g plant d -1 ) from the V16 to R2 stage was quite low in 2011, (V4), and green leaf number (GLN), leaf area per plant (LAP), leaf area index (LAI),  and biomass accumulation at the 16th leaf stage (V16) and 2 wk after silking (R2 stage) of two corn hybrids at four seeding rates for  the 2010 and 2011 growing seasons or averaged across growing seasons at Aurora, NY. Regression equations (n = 128, across years) use kernels per square meter in lieu of kernels per hectare (decimal point is moved four places to the left for regression coefficients) to improve clarity of the relationship between measured variables and seeding rates. Echarte et al., 2004) . In 2010, the PGR from the V16 to the R2 stage showed the typical quadratic response to seeding rates (Andrade et al., 2002) , but the decrease did not occur until a seeding rate of 98,800 kernels ha -1 instead of the expected seeding rate of 74,100 kernels ha -1 . Apparently, water, nutrient, and radiation resources were more than adequate in 2010 to maintain high PGR until fi nal plant densities exceeded 7.45 to 7.9 plants m -2 (Table 3) . Also, the PGR from the V16 to R2 stage did not respond to seeding rates in the dry 2011 growing season when it was expected that the greater plant densities would reduce the PGR (Andrade et al., 2002) . It is not clear why the PGR from the V16 to the R2 stage remained constant across seeding rates in the dry 2011 growing season.
Despite signifi cant diff erences in PGR from the V16 to R2 stage, hybrids did not diff er in kernel number or grain yield, and there were no year × hybrid interactions (Tables 2 and  4) . When averaged across years, the DeKalb hybrid produced 612 kernels plant -1 with a grain yield of 14.8 Mg ha -1 , compared with 614 kernels per plant and a grain yield of 14.6 Mg ha -1 for the Pioneer hybrid. Th e Pioneer hybrid did have greater kernel weight than the DeKalb hybrid (329 vs. 318 mg kernel -1 , Tables  2 and 4) . Th e Pioneer hybrid had a greater PGR to kernel number per plant ratio than the DeKalb hybrid in both years (Tables 2   and 4) , which apparently resulted in increased assimilates during the lag phase and increased kernel weight potential (Borrás et al., 2004; Gambin et al., 2006; Borrás and Gambin, 2010) . Yields, however, remained the same between hybrids because the DeKalb hybrid had 0.42 more plants m -2 than the Pioneer hybrid, which resulted in more kernels per area (4360 vs. 4117 kernels m -2 , respectively), off setting the diff erence in kernel weight.
Year × seeding rate interactions were observed for grain yield, kernel number per plant, and kernel weight (Tables 2 and 4) . Grain yield showed a quadratic response to seeding rates in 2010 but no response in 2011. In 2010, maximum yield (as predicted from the regression equation) occurred at 88,000 kernels ha -1 . In 2011, however, the extreme dry conditions from the V16 to the R2 stage (average high temperatures of 29.8°C and 9 mm of precipitation), resulted in water stress, as indicated by visible leaf wilting on most days during this period, which contributed to the lack of yield response to seeding rates. Grain yield also showed quadratic responses to fi nal plant densities at the V4 stage in 2010, with maximum yields predicted at about 8.0 plants m -2 in 2010 (Table  5) , similar to recent studies in Wisconsin and Minnesota (Stanger and Lauer, 2006; Van Roekel and Coulter, 2011) . In 2011, however, yield did not respond to fi nal plant densities.
Kernel number per plant showed typical negative linear decreases (Cox, 1996; Borrás et al., 2007; Boomsma et al., 2009; Ciampitti and Vyn, 2011) as seeding rates increased but there was only a 15.2% decrease in the favorable 2010 growing season (818 to 694 kernels) compared with a 32.5% decrease in the more stressful 2011 growing season (567 to 383 kernels). Nevertheless, 383 kernels plant -1 at a seeding rate of 40,000 kernels ha -1 in a dry year with signifi cant leaf wilting indicates considerable drought stress for both hybrids. Kernel weight showed a quadratic response to seeding rates in 2010, with maximum values occurring at 76,300 kernels ha -1 , as predicted by the regression equation, before showing the typical decrease as seeding rates increased (Cox, 1996; Boomsma et al., 2009; Borrás and Gambin, 2010; Ciampitti and Vyn, 2011; Van Roekel and Coulter, 2011 ). Apparently, favorable growing conditions during the V16 to the R2 stage in 2010 allowed corn to maintain a relatively constant PGR/kernel number per plant ratio at seeding rates from 61,750 to 86,500 kernels ha -1 (Table 4) , which allowed the kernel weight potential to be maintained until the highest seeding rate (Borrás and Gambin, 2010) . Kernel weight, however, showed a positive linear response to seeding rates in the dry 2011 growing season. Kernel weight typically shows a linear decrease as seeding rates increase (Cox, 1996; Boomsma et al., 2009; Borrás and Gambin, 2010; Ciampitti and Vyn, 2011; Van Roekel and Coulter, 2011) , so the positive linear response in 2011 was unexpected.
In 2010, corn at the 167 kg ha -1 sidedress N rate had a kernel weight of 338 mg compared with 320 mg kernel -1 at the 111 kg N ha -1 sidedress N rate. In 2011, however, corn at both N rates had kernel weights of 318 mg. Apparently, additional N resulted in increased assimilates during the eff ective kernel-fi ll period (but not the lag period, as indicated by a lack of N eff ect on PGR/kernel number per plant ratio, Table 2) in the very high yield environment of 2010 but not in the droughty year of 2011. Others have also reported an increase in kernel weight in the presence of increased N because of an extended kernel-fi lling period (Melchiori and Caviglia, 2008; Mayer et al., 2012) . Yields, however, did not diff er between N rates in 2010 (18.2 and 18.4 Mg ha -1 ) nor in 2011 (11.1 and 11.3 Mg ha -1 at 111 and 167 kg N ha -1 sidedress rates, respectively). Previous studies at this research site indicated that corn, when following a small grain, had optimum yields at 167 kg N ha -1 , indicating that this research site is N responsive (Cox and Cherney, 2001 ). Apparently, sidedress N rates above the recommended rate of 111 kg N ha, when following soybean, were not necessary to maximize yield even under very favorable growing conditions in 2010. Ciampitti and Vyn (2011) also reported that sidedress N rates above the recommended 165 kg N ha -1 did not increase corn yields in Indiana when corn followed soybean. Th e relationships of measured variables with yield are presented for each year because of the year eff ect and a year × seeding rate interaction for grain yield (Tables 5) . Th e relationship between most measured variables with yield was not highly robust, probably because of the limited yield response to the seeding and N rates used in this study rather than a lack of precision in the measurements. For example, estimated grain yield (plants m -2 × kernel number plant -1 × kernel weight) from yield component sampling is similar to yields obtained from the plot combine at the three higher seeding rates in both years of the study (5-8% below in 2010 and 1-3% below in 2011), indicating that measurements at these seeding rates were precise. Estimated grain yield from yield component sampling at the lowest seeding rate, however, was 15 (2011) to 25% (2010) below plot yields, for reasons that are not clear, which probably reduced somewhat the robustness of yield component relationships with yield.
Signifi cant linear and quadratic trends were detected in both years between many measured variables and yield that help explain the yield response, despite the lack of robustness. For example, grain yield showed quadratic relationships with LAI at the V16 stage in both years and at the R2 growth stage in 2010 (Table 5 ). Th is indicates that an optimum LAI had to be attained by late vegetative and early reproductive development for maximum yield but that a greater LAI (>4.4 at V16 and >4.17 at R2 as predicted by the quadratic equations) in the high-yielding year did not increase grain yield further. Th is diff ers from the linear response of silage yield to LAI at the V14 and R1 stages at this experimental site, which indicated that greater LAI values during late vegetative development contributed to greater silage yield in high-yielding years (Cox and Cherney, 2011) . Also, grain yield showed a linear response to biomass accumulation at both the V16 and R2 stages in 2010, which underscores the importance of maximum biomass accumulation for maximum grain yield in a high-yielding year, similar to fi ndings by Ciampitti and Vyn (2011) . In the dry 2011 season, however, biomass accumulation showed a negative quadratic response with yield at the V16 stage, indicating that yields did not increase unless biomass accumulation exceeded a critical value (1000 g m -2 as predicted by the regression equation). Th e lack of a relationship between LAI and biomass accumulation at the R2 stage with grain yield in 2011 refl ects the lack of a yield response to fi nal plant densities in the dry year.
Plant growth rate from the V16 to the R2 stage showed a weak quadratic relationship with grain yield in 2010 and no relationship in 2011 (Table 5 ). In 2010, grain yield was maximized at a crop growth rate of 2.64 g plant -1 d -1 , as predicted by the regression equation. Kernel number per plant also showed typical quadratic relationships (Tollenaar, 1991; Andrade et al., 2002) with yield in both years (Table 5 ). Regression equations predicted maximum yield at 794 kernels plant -1 in 2010 and 527 kernels plant -1 in 2011, which occurred at close to the recommended seeding rate of 74,100 kernels ha -1 in both years. Yield showed no relationship with kernel weight in 2010 and a weak negative linear relationship in 2011 (Table 5) . Th e lack of a relationship between kernel weight and yield partially explains why the higher sidedress N rate, which increased kernel weight, did not aff ect yield in 2010. Other researchers have also noted stronger relationships between kernel number per plant than kernel weight and yield (Otegui et al., 1995; Andrade et al., 1999) .
Studies with more robust relationships between measured variables and yield frequently include a 0 N treatment (D' Andrea et al., 2008; Melchiori and Caviglia, 2008; Ciampitti and Vyn, 2011; Mayer et al., 2012) or include a two-to threefold range in seeding rates (Tollenaar et al., 1992; Andrade et al., 1999; Echarte et al., 2004) , which results in a large range in measured responses and strong relationships with yield. If we average across years in our study, we increase the range in values of some measured variables and yield. For example, the range in kernel number per plant (341-849 kernels) and yield (10.2-19.2 Mg ha -1 ) in individual plots greatly expands across years, which greatly improves the yield vs. kernel number per plant relationship (y = 1.75 + 0.25x, r 2 = 0.70, n = 128). Other variables that have more robust relationships across years include green leaf number (23.9 -0.76x, r 2 = 0.63, n = 128) and leaf area per plant at the V16 stage (36.6 -0.0043x, r 2 = 0.58, n = 128). Likewise, stepwise regression models improve signifi cantly across years, presumably because of the increased range in values. Th e best two-variable stepwise regression model across years [y = 16.9 + 0.0139(kernel number per plant) -0.0880(green leaf number at V16) 2 , n = 128] explained 80% of the yield variability. In contrast, the best two-variable model in 2010 [y = 7.6 + 5.14(LAI at V16) -0.582(LAI at V16) 2 , n = 64] explained only 37% of the variability. Also, the best two-variable stepwise regression model in 2011 [y = 13.0 + 0.35(PGR at V16 to R2) -0.000002(kernel weight) 2 , n = 64] explained only 26% of the yield variability.
CONCLUSIONS
Grain yield in this study did not have hybrid × seeding rate, N rate × seeding rate, hybrid × N × seeding rate, or any three-way interactions involving years. Th is indicates that the grain yield response to seeding rate was consistent across hybrids and that an additional 56 kg ha -1 of N above the recommended rate provided no additional yield benefi t at recommended or elevated seeding rates when corn followed soybean in a high-yielding or a dry year. Grain yield, however, had a year × seeding rate interaction. Maximum yield, as predicted by the quadratic regression equation, occurred at a seeding rate of 88,000 kernels ha -1 and fi nal plant densities of 8.0 plants m -2 in the high-yielding year of 2010, signifi cantly higher than the recommended 74,100 kernels ha -1 and 7.0 plants m -2 . Th is suggests that seeding rates should be adjusted upward in high-yield environments in this region. Quadratic regression equations, however, overestimate maximum yields (Cerrato and Blackmer, 1990; Stanger and Lauer, 2006; Coulter et al., 2010) , so optimum yield, which averaged only 1.5 to 2% lower at 74,100 kernels ha -1 compared with the two higher seeding rates, probably occurred closer to the recommended seeding rates and plant densities than predicted. In addition, grain yield did not respond to seeding rate in the dry 2011 growing season. Furthermore, the mixed ANOVA model for both years indicated a strong quadratic contrast (data not shown), as indicated by numerical yields essentially the same at the three higher seeding rates when averaged across years (Table 4) . Overall, the results from this study indicate that recommended seeding rates (∼74,100 kernels ha -1 ) and sidedress N rates (∼111 kg ha -1 ) can achieve close to optimum yields under highyielding or droughty conditions when corn follows soybean on silt loam soils in this environment. Nevertheless, we initiated fi eld-scale studies evaluating the response of two hybrids at the same four seeding rates on four farms to validate the results of this study and to conduct economic analyses of corn seeding rates under actual grower conditions across predominant soil types in major corngrowing regions of New York.
